Morphologic Differences in the Vocal Tract Resonance Cavities of Voice Professionals: An MRI-Based Study by Ventura, Sandra Moreira Rua et al.
 Morphologic Differences in the Vocal Tract Resonance Cavities of 
Voice Professionals: An MRI-Based Study 
Sandra M. Rua Ventura 
Área Técnico-Científica da Radiologia, Escola Superior de Tecnologia da Saúde, 
Instituto Politécnico do Porto 
R. Valente Perfeito 322, 4400-330 Vila Nova de Gaia, Portugal 
Phone: +351 22 206 1000, fax: +351 22 206 1001, e-mail: sandra.rua@eu.ipp.pt 
 
Diamantino Rui S. Freitas 
Departamento de Engenharia Electrotécnica e de Computadores, Faculdade de 
Engenharia, Universidade do Porto 
Rua Dr. Roberto Frias, s/n 4200-465 Porto, Portugal 
Phone: +351 22 508 1837, fax: +351 22 508 1440, e-mail: dfreitas@fe.up.pt 
 
Isabel Maria A. P. Ramos 
Departamento de Radiologia, Hospital São João EPE, Faculdade de Medicina, 
Universidade do Porto 
e-mail: radiologia.hsj@mail.telepac.pt 
 
João Manuel R. S. Tavares 
Instituto de Engenharia Mecânica e Gestão Industrial, Departamento de Engenharia 
Mecânica, Faculdade de Engenharia, Universidade do Porto 
Rua Dr. Roberto Frias, s/n, 4200-465 Porto, Portugal 
Phone: +351 22 508 1487, fax: +351 22 508 1445 
e-mail: tavares@fe.up.pt; url: www.fe.up.pt/~tavares 
(Corresponding author) 
 Morphologic Differences in the Vocal Tract Resonance Cavities of 
Voice Professionals: An MRI-Based Study 
 
Abstract 
 
The processes that take place during singing and acting are complex. However morphological 
and dynamic studies of the vocal tracts during speech have been gaining greater attention, 
mainly due to the rapid technical advances being made with Magnetic Resonance Imaging 
(MRI) and image analysis and processing techniques.  
Objectives/Hypothesis and methods: Our aim is to describe the morphological differences in the 
vocal tract resonance cavities among voice professionals by means of MRI, and with the three-
dimensional models built up from the MRI data compare the volumes calculated for the whole 
vocal tract and its major resonance cavities. 
Study design: Prospective study. 
Results: The images acquired during the spoken and singing tasks, provided morphological 
information about the whole vocal tract cavity and also its two major resonance cavities: the 
oral and the pharynx cavities; differences were observed in the volumes measured during the 
production of some vowels. 
Conclusions: The morphological differences found in the singing voices indicated an increase in 
the oral cavity volume, resulting in an increase in the overall volumes measured. In the acting 
voices, both the resonance cavities of the vocal tract contributed to the differences measured. 
 
Keywords: Speech Production; Sustained Sounds; Spoken Voice; Acting Voice; Singing Voice; 
European Portuguese; 3D Models; Volume. 
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1. Introduction 
Speech production requires four fundamental actions: respiration, vocal fold vibration (voicing), 
articulation and resonance of the supra-glottal cavities [1]. During natural speech, the voiced 
sounds are the result of the airflow being modulated by the vocal fold vibrations, further shaped 
by the articulators and resonators of the vocal tract. Similarly, the voiceless sounds, which are 
produced without vocal fold vibrations, are filtered through the vocal tract articulators and 
resonators. 
Until now, various techniques for speech articulation assessment have been proposed, however 
there has been an increased use of imaging methods due to the advances made in MRI 
techniques. The first studies conducted with MRI were carried out by Rokkaku et al. [2] and 
Baer et al. [3]. The advantages of MRI are due to its ability to combine the morphologic and 
dynamic features of the entire vocal tract without ionizing effects and its non-invasive approach 
[4-6]. 
These new MRI techniques have great potential in numerous medical areas, as has been 
demonstrated by several authors [7]. Specifically in this case, the morphological and dynamic 
study of the vocal tract during speech production has been attracting much attention due to the 
latest improvements in MRI, such as adopting higher magnetic fields, like the one used in the 
3.0 Tesla Clinical MRI Systems. Also several new image processing and analytical techniques, 
such as the use of deformable models to automatically segment the vocal tract in magnetic 
resonance images, have been developed [8]. 
The first three-dimensional (3D) articulatory model of the vocal tract was built using statistical 
analyses by Engwall [9]. This author extracted, i.e. segmented, the vocal tract contours from 
MRI data in order to build an asymmetrical reference model and to determine the articulatory 
parameter values. In this study, the image data provided not only important morphological 
information but also new insights into articulator dynamics. Later, researchers proposed other 
approaches for modeling the articulatory organs during speech production; however, some 
technical limitations still persist. These limitations are related, for example, to the long times 
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required to sustain the sounds [10, 11] or the postural position imposed on the subjects during 
the MRI data acquisition [12]. 
In 2006, Badin & Serrurier [13] presented a database with 3D geometrical descriptions of the 
tongue, velum and nasopharyngeal wall of a speaker sustaining a set of 46 French sounds. The 
shape of the organs from these MRI and computed tomography (CT) images has brought new 
understandings to improve articulatory speech modeling. 
More recently, research studies have explored different techniques for refining the MRI 
acquisition and visualization of some particular anatomical structures or aspects related to 
speech production. For example, the study conducted by Honda et al. [14] highlights the 
significant acoustic effects of the hypopharyngeal cavities during speech. According to these 
authors, the hypopharynx is one of the main geometrical factors that causes individual vocal 
characteristics; moreover, there is a relationship between the fundamental frequency that is 
widely altered during vowel production, and the shape changes in the hypopharynx.  
In a structural MRI-based study, Proctor et al. [15] found some supraglottal volume changes of 
pharyngeal articulation during the production of voiced and voiceless fricative consonants. 
Similarly, Yamasaki et al. [16] encountered significant differences in the vocal tract 
morphometry of women with vocal nodules compared to normal subjects by means of MRI.  
Human speech is very complex, especially for the voice professionals such as speech therapists, 
teachers, singers and actors. According to Rehder & Behlau [17], several distinctive differences 
are found within linguistics and phonation among the spoken and singing voice of professionals, 
particularly in the articulation process. The more common differences include respiration, body 
posture, voice quality, resonance and voice projection.  
The vocal processes in singing and acting voices are also very complex. For the spoken voice, 
the sounds are mostly voiceless, but the majority of sounds used in singing are voiced. 
Roers et al. [18] statistically analyzed the dimensions of the total vocal tract, the pharynx and 
oral cavities, as well as the relative position of the larynx, height of the palatal arch and 
estimated vocal fold length from X-ray images. The authors found some significant differences, 
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which support the hypothesis that there are consistent morphological vocal tract differences 
among singers of distinct voice classifications. 
However, it is generally accepted that the area of vocal registers as well the role of vocal tract 
resonance cavities in these register changes is not yet fully understood [19]. For example, 
Bresch & Narayanan [20] used real-time MRI to extract the vocal tract shape of 5 soprano 
singers during the production of two-octave scales of sung vowels, and concluded that no 
consistent systematic effect on the vocal tract resonance could be found in any of the subjects. 
Also, no systematical changes of the vocal tract shape in voice professionals using real-time 
MRI have been demonstrated. Only the study conducted by Echternach et. al [21] found 
changes between the modal register and the falsetto stage, associated with major vocal tract 
modifications in professional male altos, such as the lip opening, the narrowing of the 
pharyngeal tube, and a lowering of the larynx height. 
The aim of this work was to study the morphological differences in the vocal tract resonance 
cavities among different vocal behaviors for each subject under analysis by means of MRI. 
Besides the interest in phonetics or even for artistic purposes, this knowledge is also important 
for medical professionals giving a better understanding of the modifications that take place 
during speech articulation. 
This paper has been organized as follows: First, the subjects, the speech corpus, the MR 
imaging protocol, the image processing and analysis techniques are described. Afterwards, the 
morphological vocal tract volumes and the 3D models built from the images acquired during 
production of some speech sounds are presented and evaluated. The paper ends with the 
Discussion section, in which the differences among spoken, singing and acting voices are 
pointed out. 
 
2. Material and methods 
 
2.1. Subjects and speech corpus 
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This research was conducted with the approval of the Director of the Radiology Department of 
the Hospital S. João, Porto and with the collaboration of the technical staff. The ethics 
committee of the hospital required no approval, because the investigator recorded the 
information so that subjects could not be identified. 
Three adult volunteers, one male and two females, aged between 30 and 47 years old (35.5 ± 
8.02 years), without any articulatory disorders, were trained with the MRI acquisition apparatus 
to ensure the proper production of the intended sounds in the supine position. Also, audio 
recordings were made for the acoustic and hearing-perceptual analysis of their voices. 
This study involved voice professionals (one actor and two singers) without any articulatory or 
orthodontic disorders, orthodontic appliances or contraindications for MRI exams.   
According to the safety procedures for MRI, a questionnaire was carried out before any 
procedure to screen any contraindications. The subjects were previously informed and instructed 
about the study, and they gave their informed consents. 
The speech corpus included three sustained sounds of the European Portuguese (EP) language: 
the vowels according to the International Phonetic Alphabet (IPA) [i  a  u], organized as 
follows:  
• For the acquisition of the spoken voice using the intercom the subjects were instructed 
to start the sound production with the plosive consonant /p/ then the vowel in order to 
ensure a more natural sound production, i.e., in a consonant-vowel articulatory context.  
• For the singing voice, each vowel was produced according to three different tones: low, 
comfortable and high pitch. The actor produced each vowel according to high and low 
pitch using two character voices recently performed in a theatre play. All the vocal 
registers were analyzed from an acoustic and hearing-perceptual point of view by a 
speech therapist to characterize the vocal performance of the subjects (Table 1). In this 
domain, a character voice is how actors produce speech for animated characters; the 
performers are called voice actors, and their role also often involves singing. 
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The speech corpus indicated was chosen because such sounds can be easily sustained during the 
MRI acquisition. Additionally, these sounds ensure a stable vocal tract posture that improves the 
image quality and thus the subsequent processing and analysis. Finally, these vowels are the 
vertices of the vowel triangle representing the overall mobility of the articulators during natural 
speech, and also commonly used in vocal training. 
 
2.2. Magnetic resonance image acquisition protocol 
The image data was acquired using a MAGNETOM Trio 3.0 Tesla MRI system (Siemens 
Healthcare, Erlangen, Germany) and two integrated coils: a 32-channel head coil and a 4-
channel neck matrix coil, with the subjects in the supine position. 
The first MRI dataset was collected using a turbo spin echo 2D sequence, to be used as the 
sound articulation references. The MRI dataset consisted of one T1-weighted 4 mm thick 
midsagittal slice for each sound. The following imaging acquisition parameters were adopted: a 
repetition time of 400 ms, an echo time of 10 ms, an echo train length of 5 ms, a square field of 
view of 240 mm, a matrix size of 512x512 pixels, a resolution of 2.133 pixels per mm and a 
pixel spacing of 0.469 mm x 0.469 mm. The acquisition time lasted around 8.07 seconds for 
each sound. 
Some examples of single 2D MR reference images are depicted in Figure 1. The good signal-to-
noise ratio and resolution of these images allowed a clear visualization of the different vocal 
tract shapes produced for each EP sound. These reference images were subsequently used to 
define the slices acquired and also to confirm the proper production of the intended sound. 
Since a subject cannot produce the same sound in a totally identical manner an audio recording 
of acoustic intra-speaker variability was carried out. This first image data set was acquired in 
order to visually confirm the vocal tract shape during sustained sounds. Then, it was assumed 
that the overall position of the articulators in each of the subsequent MRI datasets was similar. 
The position of the articulators is responsible for distinctive features during sound production. 
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Afterwards, a 3D volumetric MR acquisition of the vocal tract resonance cavities was carried 
out using a flash gradient echo sequence. A single 78 mm thick midsagittal slab was acquired 
according to the following parameters: repetition time of 7.6 ms, echo time of 2.87 ms, flip 
angle = 5º, a square field of view of 240 mm, a matrix size of 256x256 pixels, a resolution of 
1.067 pixels per mm and a pixel spacing of 0.94 mm x 0.94 mm. The acquisition time lasted 
around 10.06 seconds for each sound. 
The 3D volumetric MR acquisition for all subjects was first accomplished during natural speech 
and was then repeated during the singing or acting performance of each voice professional.  
 
2.3. Image processing and analysis 
The 3D image-based reconstruction of the vocal tract shape was carried out using the ITK-
SNAP (version 2.1.4-rc1) software developed at the Penn Image Computing and Science 
Laboratory (PICSL), in the USA. 
Three-dimensional models were built from the subset of sagittal images defining the whole 
vocal tract, as well as the oral cavity and the pharynx separately. The set of 26, 3 mm thick 
sagittal slices without any gap between them was segmented using the active contours method, 
usually known as snakes, proposed by Kass et al. [22], which has revealed robustness against 
image noise and efficiency in images of low signal-to-noise ratio as is the case of MR images. 
Active contours are curves that are moved by internal and external forces until they reach the 
object boundary in the image to be segmented. In order to segment the vocal tract, a pre-
processing of the original images was carried out to adjust the range of the airway voxel 
intensities. A 3D model of the airway of each resonance cavity was automatically built from the 
contours segmented in each slice. As a result of the automated segmentation and labeling of 
each resonance cavity, the corresponding volumes could be computed, and therefore, the 
volumes associated to the vocal tract as a whole, and to the oral cavity and pharynx separately 
were obtained for the three speech tasks: spoken, singing and acting for further comparison. 
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The knowledge concerning the position and movements of the articulators is fundamental for a 
better understanding of the speech production process and to improve computational techniques 
for synthesizing speech. Furthermore, the vocal tract acts as an amplifier of the voice and 
includes several structures, such as the pharynx and the oral cavity [23]. The amplification 
occurs at different locations and levels within subjects, mainly due to the differences in the 
shape of the pharynx, oral cavity, nasopharynx and head. For this reason, besides the vocal tract 
volume, the two major resonance cavities were assessed.  
For each sound under study, 26, 3 mm thick image slices were acquired from the 3D volumetric 
MRIs. As such, a total of 802 images for all speech corpora was assessed. This image database 
allowed the extraction of geometrical, i.e., morphological, information about the vocal tract 
cavity and also of the two major resonance cavities: the oral and the pharynx cavities.  
 
3. Results  
 
3.1. Morphological characterization of vowel articulation and the 3D models 
In the vowel production during natural speech, the main articulators involved are the tongue and 
the lips, which are responsible for the major changes in the vocal tract morphology. 
For the segmentation of each vowel production imaged, first the vocal tract as a whole was 
segmented, then the oral cavity and pharynx were segmented separately. Examples of 
morphological differences between the spoken, singing and acting voices are shown in Figure 2. 
Analysis of the whole vocal tract in the 3D models confirms important articulatory changes. 
The main difference found on examining the 3D models was the overall volume increases in the 
vocal tract, specifically due to the greater volume in the oral cavity for the two singers and in 
the pharynx for the actor. 
However, by only studying the three-dimensional models, no systematic changes could be 
found among the different sounds, spoken, singing or acting, performed by the subjects. 
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3.2. Volumes of the vowels produced by different voice professionals 
In order to get measurable data concerning the articulatory changes found in the morphology of 
the vocal tract and major resonance cavities, the volumes were calculated and then compared. 
The results obtained according to each speech sound and respective task are indicated in Table 
2. 
Analyzing only the volumes of the 3D models of the spoken voices (Table 2), higher vocal tract 
volumes were found for the production of the vowel /u/, especially with the expansion of the 
pharynx cavity. Similarly, for the vowel /i/, the volumes were higher in the pharynx. The high 
volumes of the vocal tract found during the production of the vowel /a/ among the subjects were 
due to the expansion of the oral cavity. 
Figure 3 presents the volumes of the 3D models of the singing voices of the two singers. Both 
singers were asked to produce and sustain each vocal at three pitches: “lower”, “comfortable”, 
“higher” according to their musical skills. 
For the production of vowel /a/, both singers increased the whole vocal tract by more than 50% 
of the volume calculated for the spoken voice, especially at the low and high pitches. However, 
for the vowel /u/, the volumes for Singer 2 were lower with volume decreases for all pitches 
compared with the spoken voice. On the other hand, for Singer 1 there was a small increase in 
the volumes for this vowel compared with the spoken voice volume. 
In general, for both Singers, the sounds produced at higher pitches produced higher volumes in 
the oral cavity and a reduction in the pharynx volume. Both Singers presented a substantial 
increase in the vocal tract volumes and respective resonance cavities for the central vowel /a/. 
No systematic changes were found in the production of the vowels /i/ and /u/, as the volumes 
measured for both singers were similar. 
Figure 4 indicates the volumes of the actor’s voice according to two different character voices. 
In general, Character voice 2 presented a substantial increase in the volumes for all vowels 
under study, due to an increase in the oral cavity and also in the pharynx. The differences 
observed for Character voice 2 were always higher than 50% of the vocal tract volumes of the 
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spoken voice. Contrary, the differences were clearly lower for Character voice 1; mainly, in the 
production of the vowels /i/ and /u/, with a reduction of the oral cavity and pharynx volumes 
compared to the spoken voice, and only during the production of the vowel /a/ was a minor 
increase in the whole vocal tract volume observed. 
 
4. Discussion 
From the comparative study carried out, only one systematic change in the vocal tract volume 
was found among all the voice professionals in the production of the vowel /a/ by the spoken, 
singing and acting voices. Figure 5 illustrates these differences, which can be seen in the 
midsagittal MR images and also in the 3D models built for each subject studied. 
The increase in the oral cavity volume of the two singers and the increase of the pharynx 
volume of the actor are very clear in Figure 5. 
Three issues must be addressed when discussing the image data and volume measurements 
under study: 1) the normal limitations of the MRI system, 2) the number of the participants, 
which does not allow a comparison between gender, and 3) the size of the speech corpus. 
Engwall [11] provided a detailed study concerning the effects of a long sustentation time of the 
sounds during MRI data acquisition, and the gravitational effect imposed by the postural 
position of the subjects. To reduce the effect of hyperarticulation due to sustentation, the 
acquisition time used in this study for the 3D images is considerably lower (10 seconds) 
compared to other studies [15, 24]. However, these factors should not affect the principal 
findings between the tasks performed by the different voice professionals. Considerable 
articulatory variations were found between the spoken and singing or acting voices. The most 
relevant difference was an increase in the vocal tract volume. For the vowel /a/ the volume 
increases in the resonance cavities were superior to 50% for all subjects studied. Another 
important relationship in the singing voices was found between the two singers, as the volumes 
change when the sounds were produced according to different pitches and to each musical skill. 
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These changes in singers may be related to the different vocal registers and behaviors of the 
subjects. 
For the acting voice, some remarkable adaptations were observed between the two different 
character voices performed by the actor. For Character voice 1, the volumes in the resonance 
cavities were considerably lower, causing a decrease in the volumes relative to the spoken 
voice. Contrary, Character voice 2 performed the task with an increase in the volumes of the 
vowels under study. Considering the vocal performance characterization of the actor’s voice 
(Table 1), these volume differences may be due to the particular pitches produced by each 
character voice. As a result of the high pitch of the Character voice 1, the volumes in the 
resonance cavities decreased.   
Proctor et al. [15] studied the pharyngeal articulation of American English fricatives in four 
subjects using volumetric MRI data. The authors found important differences between voiced 
and voiceless fricatives in the pharynx volumes and area functions.  
No other studies concerning the morphological changes during speech articulation by voice 
professionals have been found until now. For this reason, no comparable data can be used. 
However, this study provides good evidence that the articulation and resonance cavities have 
distinctive features between the spoken and the singing or acting voices performed by 
professionals. 
 
5. Conclusions and Future Work 
In this work, a 3D study of the vocal tract resonance cavities using 3.0 Tesla MR images was 
achieved by using a high-resolution volumetric acquisition technique. The primary goal was to 
describe the vocal tract shape and the role of vocal tract resonance cavities of three particular 
voice professionals. The changes of these vocal registers were assessed through the volume 
calculations and comparison during the spoken, singing and acting voices of three European 
Portuguese sounds. 
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This paper presented a detailed study about the articulatory configurations of three vocalic 
sounds of European Portuguese Language. In addition, the study revealed the role of the vocal 
tract resonance cavities in distinct vocal registers according to different professional voices. 
The increased volumes observed in the voice professionals during the three tasks was a result of 
an increase in the oral cavity of the singers, and an increase in the pharynx volume of the actor. 
In conclusion, specific systematic changes in the morphology of the whole vocal tract among 
three voice professionals were confirmed. This study also demonstrated that volumetric MRI 
can be successfully applied to obtain 3D models and measurable data of the vocal tract 
resonance cavities of voice professionals. 
In the future, the collection of MRI data of more sounds and other geometrical descriptors for 
the vocal tract must be addressed in order to provide even more detailed data about the vocal 
tract changes in different voice professionals. Such data should be statistically analyzed in 
depth, in order to study the confidence of each assessed parameter and the correlation among 
parameters. 
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FIGURE CAPTIONS 
 
Figure 1. Sagittal MR images acquired during natural speech production of EP vowels by three 
voice professionals. 
Figure 2. Three-dimensional models built from MR images for the three voice professionals 
under study depicting the morphological differences between spoken, singing and acting voices. 
Figure 3. Volumes calculated from the 3D image-based models built up from the production of 
singing voice by the two singers and the differences compared to the spoken voice.  
Figure 4. Volumes calculated from the 3D image-based models built up from the sounds 
produced by two character voices and the differences compared to the spoken voice.  
Figure 5. Midsagittal MR images and 3D models built for the three voice professionals under 
study depicting the morphological differences among the spoken, singing and acting voices 
during the production of the vowel /a/. 
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TABLE CAPTIONS 
 
Table 1. Vocal performance characterization based on the acoustic and hearing-perceptual 
analysis of each voice professional under study. 
Table 2. Volumes calculated from the 3D image-based models built up from the production of 
the spoken voice.  
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TABLES 
 
Table 1. Vocal performance characterization based on the acoustic and hearing-perceptual 
analysis of each professional voice under study. 
Professional voice Acoustic and perceptual analysis 
Singer 1 
Soprano female. Fundamental frequency (f0) of 220 Hz during spoken 
voice. For singing voice, the vocal range is 32 semitones, with a 
predominant falsetto register. 
Singer 2 Soprano female. A f0 of 247 Hz during spoken voice. For singing voice, 
the vocal range is 37 semitones, with a predominant modal register. 
Actor 
Male. Natural voice with a f0 of 134 Hz on presenting a speech with a 
slight degree of tension and a moderated grade of pharyngeal resonation. 
Character voice 1 with a f0 of 240 Hz presented a higher degree of 
tension and pharyngeal resonation. Character voice 2 with a f0 of 110 Hz 
presented high degree of hoarseness and low pitch variation. 
The sounds were produced in modal voice register, on a scale from low 
pitch for the Character voice 2 to high pitch for the Character voice 1. 
 
Table 2. Volumes calculated from the 3D image-based models built up from the spoken voice.  
Spoken voices Subjects 
SINGER 1 SINGER 2 ACTOR 
Volumes (mm3): vowel /a/ 
Vocal tract 
 
48958.6 
 
28779.8 
 
41320.0 
Oral cavity 20542.7 23696.2 29589.2 
Pharynx 9858.7 5476.5 12980.6 
Volumes (mm3): vowel /i/ 
Vocal tract 
 
36864.0 
 
35303.0 
 
45080.0 
Oral cavity 16447.8 5637.3 12070.9 
Pharynx 28887.2 30216.8 55455.4 
Volumes (mm3): vowel /u/ 
Vocal tract 
 
69554.0 
 
47518.9 
 
71331.1 
Oral cavity 21281.0 17328.5 33652.4 
Pharynx 33288.6 22451.7 35553.5 
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